In this work, we report on the difference of mechanical stress in free standing and attached Porous silicon membranes. By performing Raman analysis, we demonstrate that the tensile stress accumulated during the etching process by the porous silicon layer is partially compensated by the presence of the substrate. We highlight this complex effect by experimentally showing the balancing effect of the substrate and the change in mechanical stress between top and bottom surfaces in free standing membranes. In addition, this Raman investigation allows us to separate the effects on the Raman lineshape due to the nanostructures from those related with the mechanical stress of macroscopic structures.
Introduction
Porous silicon (PSi) has been investigated for decades for its peculiar optical and structural properties and the interest is far from fading out as demonstrated by its recent uses as sensor [1] , thermoelectric [2] and photovoltaic device [3] . Despite its fascinating properties, the use of PSi in real products is still hampered by the limited reproducibility assured by the electrochemical etching. The main reason is the very high sensitivity of the etching towards experimental details (such as: Si wafer type, geometry of the electrochemical cell and of the electrode, etc.).
An interesting characteristic of PSi is the possibility to detach the porous layer from the substrate with a sudden increase of the current at the end of the etching [4] and to create free standing membranes (FSM). The highly anisotropic structure of the PSi's pores permits to exploit FSMs as hosts for optical (bio)sensors as well as filtering systems. Currently one of the main limitations to fully exploit nano-PSi capabilities is the fabrication of thick and mechanically robust FSMs. In fact, while it is rather easier to obtain thin films, membranes thicker than several tens of microns are difficult to handle as they tend to roll-up and crack because of mechanical stress accumulated during the etching. This fact is due to a porosity gradient that develops during the etching and that limits the maximum anisotropy and aspect ratio attainable with the electrochemical method, due to the enlargement of the pore dimensions along the etching process [5] .
Several papers already reported Raman analysis on PSi and describe how the main parameters are connected with the structure of the PSi skeleton either in terms of crystallite size [6] or of mechanical stress [7, 8] . Unfortunately the Raman response is the result of the interplay among quantum size and mechanical effects [9] and their response can be separated only by using independent characterization techniques [10] . Among the few articles which analyze FSMs [11] [12] [13] , none of them compare free standing and supported samples obtained using the same etching conditions.
In [14] the authors report a comprehensive model of the stress in PSi layers (PSL). Confocal Raman mapping is used to analyze the stress profile in both PSi and the underlying crystalline substrate. The authors correctly notice that the stress induced by the porosification of the semiconductor might produce a bending of the whole structure. This fact is well shown in Fig. 1(a) by looking at the rolled up shape of PSi membranes and this is the main limit to fabricate single layer thick samples (multilayers have a greater mechanical strength probably due to a partial compensating effect of the low porosity layers). Still, all the Raman analysis performed so far does not separate the different roles played by the nanostructures (where phonon quantization is the reason of the Raman red shift and broadening) from that of the mechanical stress (which is not related to quantum effects and acts on macroscopic length). Recently it has been demonstrated that both nanocrystals and mechanically stressed silicon show large nonlinear optical properties [15, 16] , thus the knowledge and the mastering of the stress on silicon nanostructures is a fundamental parameter to optimize both their mechanical and optical properties.
In this article we have prepared PSi samples with an optimized structure to underline the difference of these two contributions to the Raman shift. Typical length-scale of pore and pore walls is of the order of 100 nm (thus, too large to show quantum effects [6] ) but still the surface of the pores is decorated with Si nanocrystals (Si-NC) and their presence is detected from the typical light emission. An in depth analysis of the samples' porous structure can be found in [17] .
We found that the tensile stress accumulated during the etching process by the porous membrane is partially compensated by the presence of the substrate and, in the case of FSMs, released. Furthermore the releasing of the porous layer from the underlying substrate removes the nanocrystals as demonstrated by the disappearance of the PL signal), thus FSMs permit to decouple the quantum and mechanical effects and to obtain a direct and clean measure of the mechanical stress accumulated by the porous layers.
Experimental details
Raman spectra were acquired using a LabRam Aramis (from Jobin-Yvon Horiba) using a 632.8 nm HeNe laser as excitation source and either 50x (2µm diameter beamspot size) or 100x (1µm diameter beamspot size) microscope objective in back scattering configuration. The detector is an air cooled CCD (1024 x 256 pixels). The laser power was attenuated, during the spectra acquisition, down to about 0.7 mW in order to minimize the thermal effects (power density was about 10 4 W/cm 2 ), which is a conservative value to avoid thermal effects as demonstrated by literature [18, 19] . No polarizers have been used and the measurements can be considered as non-polarized, as the informations on the Silicon crystalline direction after detachment of the PSi membrane are lost.
MicroRaman was used to minimize the volume investigated within the membranes and to focus over selected area to avoid the collection from domains containing defects (such as the defective pores and the collapsed area shown in Fig. 1(b) ). The importance of the area investigated is generally underestimated in literature: PSi may show several types of defects on its surface and representative areas have to be chosen to collect significant data; moreover, despite the ideal randomicity of the pore's distribution, an average over several areas should be performed to assess a proper distribution of nanostructures and mechanical stress.
The total scattered light intensity collected from the surface can be estimated following the treatment presented in [20] , considering the absorption coefficient of the silicon at 632.8 nm (3.3x10 3 cm −1 ) [21] which gives a penetration of about three microns. All samples were etched using the same etching conditions: (100) 
Discussion
Raman spectra are represented in Fig. 2 for PSL and FSM samples. Results are reported for the convex (top) surface for samples etched between 4 and 30 minutes (i.e. porous layer thickness between 5 and 39µm, respectively). Each membrane was measured on at least 4 different points. The Raman lineshape of silicon nanostructures has been investigated using different models. The Fano formula has often been used to fit the spectra because it allows quantifying the asymmetry of the Raman peak as a result of the coupling between the continuum of the Raman virtual states and the phononic band. A recent publication [23] has outlined the limits of this model and the unphysical meaning of corrections that are often needed to fit the experimental data. The authors demonstrated that the original Fano formula can be generalized into a weighted sum of a Fano and a Lorentzian lineshapes, in order to describe asymmetric resonances: The equation number should appear only at the right hand margin of the last line of the equation:
The first term within the curly brackets describes the Fano lineshape while the second is the Lorentzian contribution. I is a parameter proportional to the intensity of the Raman peak, η weights the Fano (η = 1) vs the Lorentzian (η = 0) contribution to the final lineshape, while δ is a parameter that defines the asymmetry of the peak: δ > 0 indicates a longer peak tail at greater wavenumbers, the opposite for δ < 0. ε is a reduced energy scale. In the following all the spectra were analyzed using this equation. A baseline subtraction has been performed using a modified version of an open source script [24] to remove the strong background due to the PL.
We noticed in Fig. 2 that all Raman peaks showed a slightly long tail on the left side of the lineshape (and confirmed by the always negative value of the δ factor in our simulations) consistent with another literature report [6] . Unfortunately no clear trends were obtained on the values of neither η nor the δ parameter versus the etching time (which is proportional to the sample thickness). This fact is determined mainly by two reasons: the relatively small asymmetry of the peaks is masked by the instrumental noise and the peak shape is determined by the local structure investigated, thus different lineshapes may be recorded at different sampling points. Despite this limitation, the Raman spectra of FSM and PSL show a distinct behavior vs etching time: a broad background signal grows proportionally to the PSL etching time and it is related with the onset of a photoluminescence (PL) signal emitted from Si nanocrystals generated by the lateral dissolution of the pores (see inset Fig. 2(b) ). On the other hand FSM samples show only a negligible background: it is likely that the large current burst applied to release the membrane fosters a dissolution of the smaller nanostructure and a correspondingly decrease of the PL. The different evolution of the Raman signal in PSL and FSM samples is apparent also in Fig. 3 by plotting the absolute value of the Raman shift (calculated as Δω = ω crystSi -ω PSi ) versus its FWHM. Error bars are obtained from the average over two sets of samples. We found that, accordingly to the literature [7, 25] , PSi is under tensile stress because of the positive value of the shift. In fact, as expected both linear extrapolations of the sets of data point towards the null Raman shift of the crystalline silicon (represented as a red star in Fig.  3) .
It is important to note that FSMs show the largest Δω and the steepest dependence (1.3 vs 0.9) of it vs FWHM. These facts indicate that the substrate partially compensates the tensile stress accumulated by the membranes during their fabrication.
Contrary to the conclusions traced in [12] , the statistics done on several measured areas show that the standard deviation on the FWHM in the case of PSL is almost twice as wide as in the case of FSM (1.9 vs 1.0 cm −1 ). We believe this fact to be due to the dissolution of the smaller, optically active nanostructures during the releasing of the FSM, as confirmed also by the removal of the PL background in Fig. 2 . In fact, as explained in [26] , because of the shape of the phonon dispersion bands, quantum effects tend to red shift and broaden the Raman lineshape.
Unfortunately the spread of the experimental data, together with the small Raman shift analysed, do not permit to extract more quantitative information about the mechanical state of the PSi layer. Only a weak trend appears for both FWHM and Raman position vs sample thickness, as shown in Fig. 4 . This weak correlation is due to the poor control over the mascroscopic bending of the FSMs. In fact, even if we tried to obtain rounded shaped FSMs, small shape variations and edge effects induce preferentially bending directions in the membranes. This is the reason why the structure of the FSMs is generally saddle shaped rather than (the more isotropic) cup shaped. Because of the tensorial nature of the stress, this macroscopic bending affects the Raman peak position irrespectively from the crystalline orientation of the Si substrate. In this case, the Raman shift becomes a convolution of a component due to the mechanical stress of the PSi and one linked to the direction in which the FSM macroscopically bends. Nevertheless, albeit being scattered, the data set shows two interesting trends:
1. both the sets (PSL and FSM) lie on a linear trend, rather than fitting the nonlinear function typically reported for this range of Δω and FWHM [16] . This fact suggests that, at least for the type of samples investigated here, the Raman shift is determined by the mechanical stress, rather than from phonon confinement effects. Thus both Δω and FWHM increases linearly with sample thickness, supporting the experimental evidence of the fragility of thick FSM;
2. The FSM's data set is contained within a narrower range and it is systematically shifted to higher wavenumbers. This fact supports the idea that quantum effects are negligible in FSMs because both redshifts and spectral broadening due to quantum effects are reduced. Two other sets of identical FSMs were prepared and used to investigate the differences among the concave and convex surfaces of the detached membranes. Results are reported in Fig. 5 . The two symbols refer to the two sets of samples fabricated to check the process reproducibility. Each error bar represents the average of four independent measurements performed on the same sample near the center of the FSM. The graph reports the differences among the values measured on the concave and on the convex surface. The difference in the Raman shift's shift (calculated as Δω = Δω concave -Δω convex ) is rather small and fluctuates vs etching time. This demonstrates that the mechanical stress is relaxed after releasing the porous layer and that there are no differences in the mechanical states of the two surfaces. On the other hand, the peak width difference (calculated as Δλ = Δλ concave -Δλ convex ) shows a more pronounced trend vs etching time. This fact suggests that the size distributions of the PSi skeleton on the two surfaces are different and, in particular, the convex surface has a broader size distribution of silicon nanostructures. This is compatible with a larger concentration of Si nanocrystals created by the chemical etching.
Conclusion
In this article we have demonstrated that porous silicon layers accumulate a tensile stress during the etching process, which is partially compensated by the presence of the substrate. In the case of FSMs, this stress is released as demonstrated by the macroscopic bending of the membranes. As the values extracted from Raman peaks measured on PSL are averaged by the tensile stress of the porous layer and the compensating effect of the substrate, the analysis of FSMs are essential for studying stress in porous materials. The results from this study give a clear description of the Raman properties of silicon nanostructures and can serve as a starting point to fabricate samples with optimized mechanical and optical properties.
